Voltage-gated K + channels are key regulators of neuronal excitability. The Kv2.1 voltage-gated K + channel is the major delayed rectifier K + channel expressed in most central neurons, where it exists as a highly phosphorylated protein. Kv2.1 plays a critical role in homoeostatic regulation of intrinsic neuronal excitability through its activity-and calcineurin-dependent dephosphorylation. Here, we review studies leading to the identification and functional characterization of in vivo Kv2.1 phosphorylation sites, a subset of which contribute to graded modulation of voltage-dependent gating. These findings show that distinct developmental-, cell-and state-specific regulation of phosphorylation at specific sites confers a diversity of functions on Kv2.1 that is critical to its role as a regulator of intrinsic neuronal excitability.
Protein phosphorylation constitutes one of the major molecular mechanisms underlying plasticity of mammalian neurons [1] . Phosphorylation regulates trafficking, turnover, localization and function of many neuronal proteins, including enzymes involved in neurotransmitter biosynthesis, vesicleassociated proteins, neurotransmitter receptors, cytoskeletal proteins and ion channels [1] . Ion channels are specialized transmembrane proteins that mediate the rapid electrical signalling events that are key to neuronal signal transmission and the basic functioning of the nervous system [2] . Many ion channel proteins undergo reversible changes in phosphorylation state as a major mechanism for post-translational modification of function [3, 4] . K + channels comprise the largest ion channel family [2] , and exhibit a diversity of structure, function and phosphorylation-dependent modulation [3] [4] [5] . A particular voltage-gated K + channel, Kv2.1, is expressed in most mammalian central neurons [6] [7] [8] [9] [10] [11] , where it constitutes the majority of delayed-rectifier K + current [9, 12, 13] . Surprisingly, the Kv2.1 channel does not play a classical delayed-rectifier role in repolarizing single action potentials, presumably due to its high threshold for voltage-dependent activation and its slow activation kinetics [12, 13] . We found that dynamic calcineurin-dependent dephosphorylation of neuronal Kv2.1 channels in response to increased excitatory activity, epileptic seizures, hypoxia/ischaemia, and neuromodulatory stimuli leads to graded enhancement of Kv2.1 activity by lowering the voltage-dependent activation threshold and accelerating channel activation kinetics [14] [15] [16] . These graded changes in activation allow Kv2.1 to homoeostatically suppress neuronal excitability [17, 18] , especially during periods of high-frequency action potential Biochemical studies of Kv2.1 phosphorylation Kv2.1 channels consist of four α-subunit polypeptides, each composed of six membrane-spanning segments (S1-S6) and large cytoplasmic N-and C-termini [19] . The membranespanning S1-S6 domains comprise approx. 25% of the polypeptide, and upon tetrameric assembly form the voltagesensing and K + ion-selective pore components of the channel. Almost 75% of Kv2.1 protein is cytoplasmic, with the cytoplasmic C-terminus comprising over 50% of the Kv2.1 α-subunit. The large intracellular regions can mediate interactions with diverse cellular components, and can be targeted by cellular protein kinases and phosphatases to achieve reversible covalent modification of channel structure and function [4] .
The amino acid sequence deduced from the cloned rat Kv2.1 cDNA predicts an α-subunit polypeptide of 95.3 kDa [19] . The products of in vitro translation of Kv2.1 mRNA in rabbit reticulocyte lysates yielded a protein of similar relative electrophoretic mobility on SDS gels [11] . However, immunological identification of native Kv2.1 from rat brain revealed an immunoreactive polypeptide with a molecular mass of approx. 130 kDa [11] . Endogenous Kv2.1 in rat adrenal PC12 cells (pheochromocytoma cells) was also present as an approx. 130 kDa immunoreactive polypeptide [15, 20] . Recombinant rat Kv2.1 heterologously expressed in Xenopus oocytes or in mammalian COS-1, HEK-293 cells (human embryonic kidney cells) and MDCK cells (MadinDarby canine kidney cells) exhibited cell background-specific differences in molecular mass, with populations of 100, 108, 115 and 120 kDa respectively [10, 16, 21] . Treatment of rat brain membranes and lysates from COS-1 and HEK-293 cells expressing recombinant Kv2.1 with AP (alkaline phosphatase) led to pronounced shifts in electrophoretic mobility of Kv2.1 to an approx. 98 kDa form, and eliminated the cell-specific differences in molecular mass [15, 16, 21, 22] . These results suggested that phosphorylation is the major form of post-translational modification of Kv2.1 and accounts for the increased and variable molecular mass of native and recombinant Kv2.1 compared with that predicted from the deduced amino acid sequence.
Kv2.1 expressed in Xenopus oocytes behaves like a classical delayed rectifier Kv channel, and activates at a membrane potential of approx. −30 mV, with a half-maximal activation potential (G ½ ) of approx. −10 mV [23] . Kv2.1 channels expressed in COS-1, HEK-293 and MDCK cells from the same cDNA exhibited more depolarized G ½ values of approx. 0 mV [16, 22] , approx. 17 mV [16] and approx. 15 mV ( [10, 16, 21] ; D.P. Mohapatra and J.S. Trimmer, unpublished work) respectively. In cultured rat hippocampal neurons, where Kv2.1 channels constitute the majority of delayed rectifier K + current (I K ) [9] , I K has a G ½ of approx. 16 mV [9, 15, 16] . These results show a strong correlation between overall Kv2.1 phosphorylation state (as reflected by molecular mass) and voltage-dependent activation, with lower-molecular-mass forms having lower G ½ values and vice versa. This correlation is experimentally strengthened by results showing that intracellular dialysis of AP eliminates cell-specific differences in voltage-dependent activation, with a resultant G ½ of approx. − 25 mV in all cells tested [16, 22] . Hyperpolarizing shifts in Kv2.1-based I K in cultured hippocampal neurons also correlate with phosphorylationdependent shifts in Kv2.1 molecular mass induced by increased neuronal activity, hypoxia/ischaemia, neuromodulatory stimuli and intracellular AP dialysis [14] [15] [16] .
Studies in COS-1 cells showed that early in biosynthetic maturation, Kv2.1 undergoes constitutive phosphorylation accounting for its increased molecular mass on SDS gels [21] . Pulse-chase [
35 S]methionine labelling analyses revealed that these AP-sensitive increases in molecular mass occurred within 5 min of translation, strongly suggesting that this modification occurred in the endoplasmic reticulum [21] . Phospho-amino acid analysis of Kv2.1 expressed in COS-1 cells following in vivo [ 32 P]P i labelling showed that of the candidate phospho-amino acids only phosphoserine was detected [22] . The cytoplasmic regions of Kv2.1 have 76 serine residues that can serve as potential phosphate acceptors.
Analyses of serial Kv2.1 cytoplasmic region truncation and internal deletion mutants for their electrophoretic mobility on SDS gels without or with in vitro AP treatment suggested that the cytoplasmic C-terminus is the major substrate for phosphorylation in COS-1 cells [22] and in HEK-293 cells (Figure 1 ). CNBr-mediated peptide mapping of in vivo [ 32 P]P i -labelled wild-type and truncated Kv2.1 provided compelling biochemical evidence for predominantly Cterminal phosphorylation [22] . Kv2.1 channels with extensively truncated C-termini ( C187 and C318) expressed in COS-1 cells exhibited hyperpolarized shifts in their G ½ potential (to approx. −10 mV) compared with wild-type Kv2.1 (G ½ of approx. 0 mV); intracellular dialysis with AP elimin- Figure 1 The cytoplasmic C-terminus of Kv2.1 channel is the major substrate for phosphorylation (A) Cartoon depicting different Kv2.1 truncation and internal deletion mutants used for SDS gel analyses of AP-sensitivity to localize phosphorylation sites. S1-S6 denote the transmembrane segments. (B) Lysates of HEK-293 cells expressing recombinant wild-type rat Kv2.1 and the truncation or deletion mutants depicted in (A) and rat brain membranes (RBM) were subjected to digestion with or without AP (see [16] for experimental details). Numbers on the left of each gel panel denote the mobility of molecular mass standards in kDa. Note the decreased magnitude of the AP-induced shift in electrophoretic mobility in C-, but not N-, terminal truncation and deletion mutants, consistent with the C-terminus of Kv2.1 acting as the major substrate for phosphorylation.
ated differences between wild-type and truncated channels (both exhibiting G ½ values of approx. −25 mV) [22] . These results suggest that the functionally relevant phosphorylation site(s) are located on the Kv2.1 C-terminus. However, subsequent analyses of voltage-dependent activation gating of a larger pool of Kv2.1 serial truncation and internal deletion mutants expressed in COS-1 [22] or HEK-293 cells under basal conditions, and after AP-or Ca 2+ /calcineurinmediated dephosphorylation, yielded a complex data set, consistent with the idea of phosphorylation at multiple, widely distributed sites in the Kv2.1 cytoplasmic C-terminus.
MS-based identification and characterization of phosphorylation sites on Kv2.1
The Kv2.1 cytoplasmic N-and C-termini have 76 serine, 36 threonine and 13 tyrosine residues, many of which score as consensus phosphorylation sites for various protein kinases [17] . Initial approaches, using mutagenesis of consensus PKA (protein kinase A), PKC (protein kinase C) and CaMKII (Ca 2+ /calmodulin-dependent protein kinase II) sites did not lead to identification of any sites influencing channel function ( [22] ; D.P. Mohapatra and J.S. Trimmer, unpublished work). In hindsight, this was due to a combination of the large set of highly scoring consensus phosphorylation sites, the large set of sites that are actually phosphorylated and the striking lack of overlap between the two sets.
Given the apparent complexity of C-terminal phosphorylation revealed in the studies described above, it became necessary to undertake an unbiased and comprehensive chemical analysis of sites phosphorylated on Kv2.1 in heterologous cells and in brain. MS has emerged as a robust technique for unambiguous chemical identification of phosphorylation sites in proteins [24] [25] [26] . Unfortunately, phosphopeptides yield poor fragmentation compared with non-phosphopeptides in the mass spectrometer. Therefore it is important to enrich for the protein of interest before analysis by MS. Immunopurification has emerged as the most common method of target protein purification. The availability of high-quality monospecific antibodies is crucial to this approach [27] , although, even in the best case, antibody-based purification can be plagued by other problems, for example occlusion of epitope by target protein conformation, post-translational modifications or interacting proteins. For example, we found that we could immunopurify recombinant Kv2.1 from HEK-293 cells but not native Kv2.1 from brain with the anti-Kv2.1 monoclonal antibody K89/34. Kv2.1 from rat brain could be successfully immunopurified using an anti-Kv2.1 polyclonal antibody raised against the same peptide immunogen [28] .
Our initial LC-MS/MS (liquid chromatography tandem MS) analyses of recombinant Kv2.1 purified from HEK-293 cells led to the identification of one threonine and 15 serine residues as Kv2.1 phosphorylation sites [28] . As predicted from our truncation analyses, all sites except one were located in the cytoplasmic C-terminus. This information in itself could not address which phosphorylation sites mediate the calcineurin-dependent dephosphorylation that regulates Kv2.1 activation in neurons and heterologous cells. To do so requires identification of sites whose phosphorylation state changes in response to calcineurin activation, and this requires quantification of phosphorylation at individual sites. Mass tagging of proteins prior to MS analysis is an effective method for deriving quantitative information on relative levels of protein in two different samples [25] . SILAC (stable isotope labelling with amino acids in cell culture) in particular has proven to be a very powerful approach for quantification of protein phosphorylation state [29] [30] [31] . Cells in one culture dish are metabolically labelled in culture medium containing a 'light' amino acid, and in another a 'heavy' amino acid. In our case, HEK-293 cells expressing Kv2. 1 (Figure 2) . One dish was treated to activate calcineurin; the other remained as a control or was subjected to calcineurin activation in the presence of a specific calcineurin inhibitor. Equal amounts of cell lysates were mixed, and recombinant Kv2.1 was immunopurified from the mixed lysates, sizefractionated on SDS/PAGE and subjected to in-gel digestion and LC-MS/MS [28] . A peptide ratio was obtained for each phosphopeptide mass spectrum, which allowed for the level of phosphorylation at each site to be determined in the two samples (Figure 2 ). This SILAC analysis revealed that only seven of 16 phosphorylation sites in Kv2.1 were dephosphorylated upon calcineurin activation in HEK-293 cells [28] .
Graded regulation of voltage-dependent channel gating by Kv2.1 dephosphorylation
The next step was to determine how each of the calcineurinsensitive and -insensitive sites contributes to the voltagedependent gating of Kv2.1 under basal and stimulated conditions. Whole cell patch-clamp recordings were performed on HEK-293 cells expressing phosphorylation site point mutants under basal and stimulated conditions, and after intracellular dialysis of AP. Mutants at each of the 16 Kv2.1 phosphorylation sites were generated to mimic either the dephosphorylated (serine/threonine-to-alanine) or phosphorylated (serine/threonine-to-aspartate) state. Four sites (Ser 537 , Ser 563 , Ser 603 and Ser 715 ) were identified whose mutation impacts voltage-dependent activation and inactivation gating. Point mutations at two other sites (Ser 11 and Ser 453 ) showed effects on either inactivation or activation gating respectively; the corresponding double mutation affected both [28] . SILAC analyses identified each of these sites as being dephosphorylated upon calcineurin activation [28] . Mutations at two calcineurin-insensitive sites (Ser   480 and Ser 767 ) also exhibited altered gating [28] , supporting the earlier observation of incomplete dephosphorylation by calcineurin compared with AP dialysis [16] . Mutations at the other eight identified phosphorylation sites did not affect voltage-dependent gating [28] . Note that in each case the effects of the mutations on gating could be directly related to phosphorylation by either preventing (for phosphomimetic aspartate mutations) or partially mimicking and further occluding (for dephosphomimetic alanine mutations) the effects of calcineurin and/or AP [28] . Mutations impacting function yielded incremental (5-16 mV) shifts in voltage-dependent gating, compared with the magnitudes of the response to calcineurin (26 mV) or AP (36 mV) dialysis. Double and triple mutations yielded larger shifts in voltage-dependent gating than obtained with the respective single mutants, but smaller than predicted from the simple additive effects of the individual mutations. This suggests that phosphorylationdependent regulation of Kv2.1 is based on both the extent and nature of phosphorylation at multiple sites [28] . We should also note here that a recent study has provided compelling evidence for a distinct role for Kv2.1 phosphorylation in regulating induction of apoptosis. Increased p38 MAPK (mitogen-activated protein kinase)-mediated phosphorylation at the calcineurin-resistant Ser 800 site in response to induction of certain forms of neuronal apoptosis leads to enhancement of Kv2.1 plasma membrane expression levels [32] . Increased Kv2.1 activity leads to excessive K + efflux and pro-apoptotic depletion of cytoplasmic K + [32] . [28] . Experiments using these antibodies revealed that in neurons these sites exhibit distinct patterns of regulation during development, and in response to changes in neuronal activity and to hypoxia/ischaemia [33] . While sites at Ser 453 and Ser 715 were quite resistant to activityor hypoxia-induced dephosphorylation, sites at Ser 563 and Ser 603 were more sensitive. The Ser 603 site in particular exhibited supersensitive regulation with very rapid calcineurindependent dephosphorylation in response to increased activity or hypoxia, and a rapid rephosphorylation after removal of the stimulus [33] . Although the precise mechanism by which changes in phosphorylation state at individual sites influence voltage-dependent gating is unknown, the distinct patterns of in vivo regulation at different sites provide a molecular mechanism to achieve graded regulation of Kv2.1 function and neuronal excitability in response to diverse neuronal signalling events that lead to increased cytoplasmic Ca 2+ levels. Our previous studies showed that recombinant Kv2.1 expressed in HEK-293 and COS-1 cells exhibits distinct electrophoretic mobility and voltage-dependent gating [16, 22] . SILAC analyses revealed that these differences are attributable to different levels of phosphorylation at the same set of phosphorylation sites, and not the use of different sites [34] . Interestingly, the sites exhibiting differential phosphorylation in HEK-293 and COS-1 cells under basal conditions are, for the most part, the same subset targeted by calcineurin-mediated dephosphorylation, showing that celland state-specific differences in Kv2.1 function are regulated by the same phosphorylation sites.
In summary, a combinatorial approach utilizing MS-based proteomic techniques in combination with classical biochemical and electrophysiological approaches has proven to be a powerful strategy to investigate mechanisms underlying the graded, phosphorylation-dependent regulation of the Kv2.1 channel. Similar strategies may prove effective in defining the mechanisms underlying dynamic regulation of neuronal function under normal and pathological conditions.
